s Abstract Oak gall wasps (Hymenoptera: Cynipidae, Cynipini) are characterized by possession of complex cyclically parthenogenetic life cycles and the ability to induce a wide diversity of highly complex species-and generation-specific galls on oaks and other Fagaceae. The galls support species-rich, closed communities of inquilines and parasitoids that have become a model system in community ecology. We review recent advances in the ecology of oak cynipids, with particular emphasis on life cycle characteristics and the dynamics of the interactions between host plants, gall wasps, and natural enemies. We assess the importance of gall traits in structuring oak cynipid communities and summarize the evidence for bottom-up and top-down effects across trophic levels. We identify major unanswered questions and suggest approaches for the future.
INTRODUCTION
Oak gall wasps (Hymenoptera: Cynipidae) have fascinated and intrigued generations of biologists because of three principal biological attributes, each of which leads to its own set of questions. (a) Each species induces a highly characteristic and often highly complex gall structure, and the group as a whole induces an incredible diversity of galls on their host plants. How are these galls induced, and what are they for? (b) They have complex cyclically parthenogenetic (heterogonic) life cycles, which in some cases also involve host alternation (heteroecy). How are these life cycles controlled? Have any species become secondarily obligately parthenogenetic, as in other cyclically parthenogenetic taxa? (c) Oak cynipid galls support complex and characteristic communities composed of the gall wasp, inquilines, and hymenopteran parasitoids. What structures these communities, and how do their members interact? We build on excellent existing reviews of oak cynipid biology (8, 122) , considering recent advances in the study of all three sets of questions given above. First, we briefly consider the adaptive significance of insect galls, looking beyond the oak cynipids into other insect groups. The main body of the review is then divided into two sections. (a) We update what is known of the basic biology of oak cynipids, highlighting recent advances in taxonomy, gall-induction, host plant associations, biogeography, and life cycles. (b) We consider the factors that structure the communities associated with cynipid galls and the processes that influence their dynamics.
THE ADAPTIVE SIGNIFICANCE OF GALLS
Debate continues over the adaptive significance of gall induction as a life history trait (6, 12, 95, 129, 139, 143) both over the selective forces acting on gall phenotypes and over which elements of gall phenotypes have been shaped by selection. Available evidence suggests that gall induction is a wholly parasitic relationship (27, 37, 56, 64) , and current hypotheses center on the adaptive value of the gall to the gall inducer. Three general mutually compatible hypotheses for the adaptive significance of insect galls have been proposed (95) : (a) The nutrition hypothesis, which states that gall inducers regulate the nutritive value of the plant tissues on which they feed to their own benefit; (b) the microenvironment hypothesis, which states that gall occupation protects the gall inducer from external fluctuations in microclimate; and (c) the enemy hypothesis, which states that gall structures have been selected to reduce mortality imposed on the gall inducer by natural enemies. Of these three, only the enemy hypothesis can account for diversity in gall structure (95, 129) , an issue of particular relevance given the enormous diversity of oak cynipid galls. We consider the significance of these hypotheses for cynipid galls throughout this review.
CYNIPID RELATIONSHIPS
Gall wasps are members of the Cynipoidea, a major lineage of predominantly parasitoid wasps within the Hymenoptera (104, 105) . The groups closest to cynipids (Figitidae, Eucoilidae, Charipidae, and Anacharitidae) are all parasitoids that attack insect larvae, which suggests that gall induction in cynipids has evolved from an ancestral parasitoid life history (105) . All gall wasps are obligate parasites of plants and either induce their own galls in plant tissues or develop as inquilines within the galls induced by other gall wasps. The first gall wasps probably induced galls on herbs (105) and subsequently diverged into six recognized tribes (with species richnesses given in 104, 105) . The "Aylacini" (ca. 180 species) are a basal paraphyletic group, most of which gall herbaceous plants, that gave rise to two main monophyletic lineages. One lineage consists of four tribes whose members gall woody plants (the woody rosid gallers) (105) : the Diplolepidini (rose gall wasps, ca. 63 species), the Pediaspidini (galling Acer, 2 species), the Eschatocerini (galling Acacia and Prosopis, 3 species), and the Cynipini (oak gall wasps, ca. 900-1000 species). A second lineage, distinct from the woody rosid gallers, gave rise to the tribe Synergini (ca. 173 species), whose members are inquiline inhabitants of the galls of other gall wasps. Although able to induce the development of nutritive plant tissues within other cynipid galls, they cannot induce their own galls de novo.
GALL INDUCTION
Mechanisms of cynipine gall induction remain little known (47, 49, 111) , and understanding the molecular tools used by cynipids to manipulate plant development is the Holy Grail of current cynipid research.
Cynipid gall development can be divided into three phases: initiation, growth, and maturation (60, 122) . Initiation begins with oviposition by the female gall wasp. She determines the host plant, gall location on the host, and (by the number of eggs she lays) the number of larvae developing in the resulting gall. As far as is known, gall induction results from secretions derived from the egg and larva and not from any maternal secretion. It is widely agreed that cynipids need meristematic or otherwise omnipotent cells to initiate gall growth (60, 110, 111, 122) , although specific requirements in terms of degree of host tissue differentiation tolerated and nutritional state required are unknown. This lack of knowledge becomes an issue when we later discuss ways in which host plants may affect gall wasppopulation dynamics. Plant cells neighboring the egg lyse to produce a small chamber. After hatching, the larva enters this chamber and controls all subsequent tissue differentiation. Each larva develops in its own chamber (Figure 1a ), and galls induced by a specific gall wasp species are usually either single chambered (unilocular) or many chambered (multilocular) (Figure 1b) .
The next phase, gall growth, takes place while the gall wasp larva remains very small. The larval chamber forms and enlarges, a network of vascular bundles develops that joins those supplying the host organ, and layers of outer parenchyma develop around the larval chamber ( Figure 1a ; 60, 122) . In virtually all cynipid galls, the larval chamber is lined with nutritive cells and bounded externally by a layer of vacuolate parenchyma and a thin shell of sclerenchyma ( Figure 1a) . The nutritive tissue is characteristic of cynipid galls, and to date only galls induced by the chloropid fly Lipara lucens are known to possess similarly specialized gall tissue (47, 122, 137) . Nutritive tissue consists of large thin-walled cells whose chromosome structure, protein content, and physiology is similar to seed tissue (47) (48) (49) 111) . These cells represent the gall wasp's sole source of food throughout development (122) . The larval chambers are morphologically similar in all cynipid galls, and generation-and species-specific gall structures result from variation in the development of the outer parenchyma and epidermis (60, 122) . The complexity of these outer tissues varies enormously across gall wasp tribes, among species, and between the generations of cyclically parthenogenetic species (122, 129 ; Figure 1b ).
During the growth phase, the gall acts as a major sink for mineral nutrients and photoassimilates (carbon fixed during photosynthesis) (14, 15, 85) . The outer gall tissues also synthesize tannins and phenolics (48) , which were originally thought to be a deterrent against free-feeding insect larvae (3, 4, 112) . However, these compounds are now known to be feeding stimulants for some insect species (119) , and an additional function as a fungicide has been proposed (135, 150) . Manipulation of plant metabolites is achieved through several routes. Galls on leaves elevate photosynthetic rates on the affected leaf and intercept the resulting photoassimilate (14, 37, 38) . Galls on leaves and other tissues also concentrate nutrients and photoassimilate through mobilization of these resources from neighboring regions of the plant (14, 85) . Some cynipids that gall ephemeral plant structures (such as catkins) prolong the life span of these structures on the host, extending the period available for development (29) .
The maturation phase is characterized by decreased rates of cell division, and the gall ceases to be a major sink for host plant resources. The gall wasp larva now grazes the nutritive cells lining the larval chamber, and the action of feeding triggers the conversion of neighboring vacuolate parenchyma into further nutritive cells (122) . Feeding continues until the sclerenchymatous shell of the larval chamber is reached. The larval intestine is closed between the midgut and the hindgut for most of the larval life and only opens for defecation immediately prior to pupation, thus avoiding fouling of the larval chamber (121) . In many oak galls, the tissues surrounding the larval chamber become lignified, and in some cases regional tissue death results in internal airspaces (14, 15, 122, 129) . Lignification makes the tissue unusable for other herbivores, and in some species the onset of lignification determines when the galled organ (e.g., catkins, leaves or acorns) is shed from the host. The timing of lignification is under larval control and may have important consequences, particularly in deciduous galls that overwinter. Many galls fall slightly before leaf fall in the autumn, ensuring a covering of leaves and a suitable microclimate in which to pupate or enter diapause.
HOST PLANT RELATIONSHIPS IN THE CYNIPINI The Taxonomic and Geographic Distributions of Host Plants
The majority of Cynipini gall oaks (genus Quercus) in the subfamily Fagoidea of the family Fagaceae. Small numbers of cynipids gall hosts in the other subfamily of the Fagaceae, the Castanoidea, including chestnuts (Castanea), chinquapins (Castanopsis, Chrysolepis), and tanbark oaks (Lithocarpus) (24, 55, 56, 146) . A genus of cynipids, Paraulax, is also known from southern beech, Nothofagus, in Argentina and Chile, although the tribal affinity of these cynipids is unknown.
The genus Quercus is divided into two subgenera-the strictly Asian subgenus Cyclobalanopsis and the more widespread subgenus Quercus (80). Little is known about the cynipids associated with Cyclobalanopsis oaks. The subgenus Quercus is divided into four sections (65) . Nearctic oaks belong to three sections-Quercus sensu stricto (white oaks), Lobatae (red oaks), and Protobalanus (golden cup oaks), whereas Palaearctic oaks include members of the section Q. sensu stricto and an endemic Eurasian taxon, the section Cerris. Cynipids gall hosts in all sections within the subgenus Quercus (Table 1) , and with the exception of the hostalternating species described below, each cynipid species is generally associated only with a closely related group of oak species (5, 24, 69, 77) .
Oak distributions and patterns of species richness have probably played a major role in the distribution and species richness of oak cynipids, and we therefore describe them briefly. The subgenus Quercus contains approximately 500 species worldwide (80) , distributed throughout the temperate regions of the Northern Hemisphere and extending southwards as far as Indonesia and Ecuador. Oaks are more species rich in the Nearctic (ca. 300 species) than in the Palaearctic (ca. 175 species) (65, 80) , and the greatest richness is found in Mexico (ca. 135-200 species) (65) . The Western Palearctic has a low diversity of oaks, with approximately 40 species, and large areas of northern Europe are dominated by just two species-Quercus robur and Quercus petraea (128, 131) . The Eastern Palaearctic contains ca. 130 species, and oaks are a major component of climax forests in highland areas from the eastern Himalayas to the Philippines. The southernmost record of an oak cynipid in Asia is from Quercus spicata in Java (31).
Host-Alternating Cynipids
Host alternation (heteroecy) in cynipids is known only from the Cynipini, and within this tribe it is known only for Western Palaearctic species in Andricus and Callirhytis (12, 41, 79) . In both cases, the alternation is between hosts in the sections Cerris and Quercus. In all host-alternating Andricus species, the asexual generation females oviposit on the section Cerris host, and the sexual generation females oviposit on the section Quercus host, whereas in Callirhytis the situation 
PATTERNS IN CYNIPID SPECIES RICHNESS

Global Patterns
There are ca. 1000 known species of oak gall wasp in 41 genera worldwide ( (59) . However, both regional and global estimates of oak cynipid species richness can only be regarded as approximate for two reasons. First, the sexual and asexual generations of many cynipid life cycles have yet to be linked (particularly in the Nearctic), with the result that many species are probably currently classified as two. As life cycles are resolved, species richness will fall. Second, the cynipine faunas of large areas of high-potential species richness remain little known-particularly Central America and highland oak forests in China and Southeast Asia. As these are sampled more intensively, species richness is expected to rise.
Variations in Cynipid Species Richness among Oak Taxa
Studies on cynipid faunas associated with American oaks show that hosts with greater geographic ranges support richer cynipid communities (23, 24) . There is also some evidence of variation among oak taxa at the section level; among Californian oaks, section Quercus oaks support a greater cynipid richness than section Protobalanus oaks, which in turn support more than section Lobatae oaks (23) . Studies of cynipid faunas in oak hybrid zones have shown that gall wasps are highly sensitive to levels of introgression between host species (19, 72) , but the underlying cause of such variation remains unknown. Finally, there is evidence that cynipid richness is higher for oak species with higher levels of tannins, perhaps because high-tannin hosts support cynipid diversity through reduction in the mortality inflicted by fungi (135, 150) .
Invading Oak Cynipids
There are at least three independent examples of enhancement in regional cynipid species richness that have resulted from human activity. A. kollari has spread naturally across most of northern Europe but was also deliberately introduced into Britain from the eastern Mediterranean in the first half of the nineteenth century (12, 128) . Range-expanding cynipids have proved to be valuable model systems for studies on the recruitment of communities of natural enemies, discussed in detail below.
CYNIPID LIFE CYCLES
Oak cynipids and their Pediaspidini sister group are rare examples of cyclical parthenogenesis (or heterogony) in higher animals (12, 41, 52, 97a) . Heterogony involves alternation between sexually and asexually reproducing generations, and outside the oak cynipids it is known only from six other taxa-monogonont rotifers, digenean trematodes, cladoceran crustaceans, and three insect lineages: the cecidomyiids (Diptera), adelgids and aphids (Homoptera); and one species of beetle (Coleoptera) (52, 73) . In most cyclically parthenogenetic animals, including aphids and cladoceran waterfleas, reproduction is predominantly asexual, with a single sexual generation each year triggered by a change in environmental conditions (52, 73 ; but for an exception see 132). Cyclical parthenogenesis in oak cynipids is unusual in that the two reproductive modes are strictly alternating, and there is just a single generation of each per year. Although there are exceptions, oak cynipids also commonly complete a sexual-asexual cycle in a single year and are effectively bivoltine (12) . Bivoltine life cycles have evolved several times in the Aylacini [e.g., Aulacidea pilosellae, Xesrophanes potentillae (41)]. It is not yet clear whether the two-generation life cycles of Cynipini and Pediaspidini are derived from such a bivoltine Aylacine ancestor. Oak cynipid life cycles represent the most complex end of a spectrum in gall wasps, and we now place them in the context of gall wasp life cycles as a whole.
Life Cycles of Herb and Rose Gall Wasps
The life cycles of many rose and herb gall wasps consist of a single sexually reproducing generation each year. In common with most other Hymenoptera, sexual reproduction in these gall wasps is by facultative (or generative) arrhenotoky (21, 134) : Unfertilized eggs develop into haploid males and fertilized eggs develop into diploid females (haplodiploidy). Secondary loss of males is widespread in rose and herb gall wasps (41, 91) , and in these cases females produce homozygous diploid daughters by parthenogenesis from unfertilized eggs (126, 127) . Recent works suggest that the probable cause of parthenogenesis in these gall wasps is infection by the endosymbiotic bacterium Wolbachia (90, 91) . In a range of Hymenoptera, Wolbachia infection causes gamete duplication following meiosis, such that all offspring are homozygous and diploid (21, 90) and therefore all female. Although the causal relationship between obligate parthenogenesis and Wolbachia infection has yet to be demonstrated in these gall wasps, in all cases that have been examined Wolbachia infection is correlated with loss of males (90, 91) .
Alternation of Generations in Oak and Sycamore Gall Wasps
The complex alternation of generations in the Cynipini and Pediaspidini has been revealed only by detailed rearing experiments [particularly by Roger Folliot (41) ] involving the tracking of the offspring of individual females for several generations. The life cycle structure shown for Neuroterus quercusbaccarum in Figure 2a has been demonstrated for several European members of the genera Andricus, Cynips, and Neuroterus and represents the most highly derived state in the Cynipini (12, 41) . The life cycle involves two different types of asexually reproducing females-androphores and gynephores ( Figure 2a ). Androphores produce haploid eggs by meiosis that give rise only to sons, whereas gynephores produce diploid eggs that give rise only to sexual females (41) . Unlike females in arrhenotokous life cycles, the sexual generation females cannot produce sons from unfertilized eggs and must mate to produce the next generation of asexual females. The sexual females can also be divided into two types: one that produces only androphores, whereas the other produces only gynephores. The sycamore gall wasp Pediaspis aceris and several oak gall wasps (the best studied is Biorhiza pallida) deviate from this life cycle, and its generality should not be assumed.
B. pallida and some
Andricus species show departures from the androphore/ gynephore dichotomy and produce both males and females from unfertilized eggs (deuterotoky) (134) . In most cases, the departure from producing offspring of a single sex is slight, but some asexual females of B. pallida (termed gynandrophores) produce males and females in a ratio close to 1:1 (13, 41). 2. In contrast to the life cycle shown in Figure 2a , the sexual generation females of P. aceris and B. pallida produce small numbers of viable offspring without mating. These offspring are not haploid males (as they would be in typical hymenopteran arrhenotoky) but diploid asexual females (41).
Finally, a proportion of the sexual generation females of B. pallida and
Andricus quercusradicis mated to a single male gives rise to both androphores and gynephores (41) .
The genetic mechanism underlying cynipid heterogony remains completely unknown. Explanatory hypotheses fall into two types: those involving the genesis of two types of sexual female by gynephores ( Figure 2b ) and those involving the genesis of two types of male by androphores (Figure 2c ; 41). For two genotypes of sexual female to be generated by a single gynephore, the cytology of egg production must include a process generating genetic diversity in the daughters. In an asexual female, this could only be achieved by automixis from a heterozygous mother (134) . Recent population genetic work on B. pallida and Andricus curvator shows, however, that in these species the offspring of a single gynephore are genetically identical and are produced not by automixis but by clonal apomixis (13, 13a) , arguing against this proposal. The second hypothesis (Figure 2c ) assumes that all sexual generation females potentially produce either gynephores or androphores and that the type of asexual offspring a female actually generates depends on which of two possible male types mate with her (41) . This hypothesis predicts that matings between a range of virgin females and the same male should all give rise to the same type of asexual female-a conclusion supported by experiments involving A. kollari (41) .
The original mechanism proposed to explain these data envisaged a locus for which gynephores and sexual females were obligately homozygous, but for which androphores were obligately heterozygous (41) . This proposal was based on the view that gynephores reproduce by a form of automictic gamete duplication that can give rise only to homozygous offspring (41) . In contrast, androphores must produce haploid sons by meiosis, and if heterozygous they would inevitably give rise to the two types of male required in Figure 2c . Although an elegant explanation, available evidence suggests that sexual females are not produced by automixis. In B. pallida and A. curvator, daughters of a single gynephore are always genetically identical but can be heterozygous (13) . This is incompatible with gamete duplication and instead implies clonal apomixis (13, 134 ). Folliot's data remain the most detailed experimental analysis of oak cynipid life cycles, and revealing the underlying mechanism remains one of the most interesting and least studied aspects of cynipid biology.
The Duration of Cynipid Life Cycles
In most oak gall wasps the sexual generation gall (the gall containing the sexual generation) develops in the spring or early summer, whereas the asexual generation gall develops through the summer and autumn of the same year. Asexual generation females emerge from their galls in autumn and lay eggs that remain dormant until the following spring or overwinter in the gall. There are many deviations from this general pattern, and most cynipid species show considerable plasticity in response to environmental fluctuation (112, 117) . Many cynipids have life cycles in which the asexual generation obligately or facultatively requires more than one year to develop (e.g., B. pallida) (12) , whereas in others the sexual and asexual generations each take a year [e.g., Andricus albopunctatus (41) ]. In A. albopunctatus and similar species the galls of both generations are often found together, representing two cohorts a year out of phase. Unless the life cycle is occasionally completed in a single year, these cohorts are effectively discrete sets of genotypes. In A. kollari the life cycle is annual in the south of its range (Asia Minor and southern Europe) (41, 128) but takes two years in northern Scotland (117) . Within Britain, there is a gradual south-to-north increase in the proportion of individuals taking two years to develop (117) . As for A. albopunctatus, in the north of its distribution, sexual and asexual generation galls of A. kollari present in the same year belong to cohorts a year out of phase.
EVIDENCE FOR LOSS OF SEX FROM CYNIPID LIFE CYCLES
Many oak cynipids are known only from a single generation (69, 77) , and in the majority of cases the known generation is asexual. This raises the question of whether some or many oak cynipids have lost the sexual generation from their life cycle and have become obligately parthenogenetic. Secondary loss of sex has occurred in five of the six taxa of cyclically parthenogenetic animals, repeatedly in some groups (52, 61, 73, 123) , and is thus perhaps to be expected in oak cynipids. To date, ability to bypass the sexual generation has been demonstrated experimentally for only three oak cynipids. Plagiotrochus suberi is a European oak cynipid that is cyclically parthenogenetic in Europe but obligately parthenogenetic as an invader in North America (16) . Andricus targionii is a wholly parthenogenetic species from eastern Asia, and it is the only purely parthenogenetic species at least partly in sympatry with its probable cyclically parthenogenetic ancestors (1) . Andricus quadrilineatus is a European species that may represent an intermediate step in the loss of the sexual generation (41), with asexual females that produce both sexual and asexual offspring. The impact of Wolbachia in the life cycles of rose and herb cynipids raises the question of whether this symbiont could play a role in loss of sex in oak gall wasps. Although some oak cynipids are infected with Wolbachia, in contrast to rose and herb cynipids, the infected populations still produce males (102) . The phenotypic impact of Wolbachia in oak cynipids remains unknown.
Demonstration that oak cynipids can sustain purely asexual life cycles raises the question of how many of the species known only from parthenogenetic generations are genuinely obligately parthenogenetic. Until recently, rearing experiments have been the only technique available to resolve this issue (e.g., 41, 62, 97) . This approach is extremely time-consuming, labor intensive, and difficult to apply to whole communities. Two alternatives, based respectively on population genetic analysis and DNA sequencing, provide alternatives applicable to large numbers of species.
First, analysis of gene frequences in population data can detect signals of sexual reproduction in apparently purely parthenogenetic taxa. Wholly parthenogenetic populations lack genetic recombination among alleles and also inherit their chromosomes as entire sets (134) . These processes are predicted to lead, respectively, to departures from Hardy-Weinberg and linkage equilibrium (13, 123, 133) . Taxa that show no significant departure from these genetic equilibria are thus unlikely to be purely parthenogenetic and more likely to possess a cryptic sexual generation. Analyses of allozyme data for all seven putatively asexual European Andricus species studied to date have revealed cryptic sexual generations in this way, confirmed in one case by collection of the sexual generation female (13, 97, 128) .
Second, DNA sequencing can be used to match previously unpaired sexual and asexual generations sharing identical sequence (J.M. Cook, A. Rokas & G.N. Stone, unpublished data). Sequencing has also revealed that samples of sexual generation adults thought on the basis of morphology to represent a single taxon in fact contain the previously unidentified sexual generations of several species (J.M. Cook, A. Rokas & G.N. Stone, unpublished data). It is clear that cynipids whose asexual generations may be clearly distinguishable as galls or insects may have sexual generations for which both galls and insects are currently indistinguishable. The consensus from these results is that although cynipids capable of purely asexual reproduction do exist, life cycles in this group should be assumed cyclically parthenogenetic until proven otherwise.
OAK GALL COMMUNITIES
One reason that oak cynipid communities have become one of the model systems in community ecology is that they are well defined and closed, although not necessarily simple (10) . Although some inhabitants are opportunists, most are obligately associated with cynipid galls either as inquilines or as parasitoids. Oak cynipid galls support a taxonomically diverse but well-structured community with the oak tree as primary producer, the gall wasp(s) and inquilines as grazers, and parasitoid, predators, and fungi as natural enemies.
The Composition of Cynipid Gall Communities
In addition to the gall-inducing cynipid, these communities generally contain the following components.
INQUILINES Inquilines in oak cynipid galls belong to two groups. The cynipid inquilines (tribe Synergini) feed only on gall tissue. Although unable to induce their own gall, they have some ability to modify the plant tissue that immediately surrounds them (20, 103, 104) . Cynipid inquilines either induce their larval chambers in peripheral gall tissue (nonlethal inquilines) or develop within the gall inducer's own larval chamber, smothering it in the process (lethal inquilines) (12) . The second inquiline group includes a range of moths whose larvae feed predominantly on gall tissue (3, 4, 35, 113) . The larvae of these moths often kill the gall inducer, perhaps to prevent the lignification of gall tissues associated with gall maturation.
PARASITOIDS
The true parasitoids all depend on an insect host as their main or only food source, and most of those found in cynipid communities are found only in cynipid communities. Eupelmus urozonus and Macroneura vesicularis are exceptions and attack a range of endophytic hosts from a number of orders. A few [Sycophila biguttata, Sycophila flavicollis, Torymus auratus (= nitens), Mesopolobus sericeus, Aulogymnus skianeuros] have been reported to occasionally attack cynipid galls on plants other than oak (usually Rosa), whereas the majority find hosts in the galls of a more or less extensive range of oak cynipid species. Few parasitoids are restricted to just one type of oak gall. Most of the parasitoids in oak cynipid galls are idiobionts as solitary ectoparasitoids, whereas endoparasitoids, such as S. biguttata, and gregarious species, such as Baryscapus berhidanus, are rare (10, 113) .
PREDATORS In addition to the inquiline Lepidoptera discussed above, other Lepidoptera may cause high mortality in leaf galls by consumption of the host leaf and/or gall tissue. An example is the virtual extinction of three Neuroterus species at a site in Denmark due to consumption of their leaf galls during an outbreak of a defoliating caterpillar (33) . A range of vertebrate predators are known to extract cynipid larvae from their galls. Woodpeckers and rodents can open even large and heavily lignified galls, whereas smaller insectivorous birds can cause significant mortality in smaller thin-walled galls (29, 117) . Vertebrate predation has yet to be studied in detail in many oak cynipid galls, and it is possible that it has a more important role in the population dynamics of cynipids and the evolution of gall traits (6) .
FUNGI Fungi may be important sources of mortality in cynipid galls (135, 150) . Plant tissues are commonly occupied by a range of fungi (termed endophytic) whose hyphae grow through plant tissues without symptoms in the host. The endophytic fungus Discula quercina (Coelomycetes) has been shown to cause almost 100% gall wasp mortality in artificial infection experiments (150) . It has been proposed that cynipids and other endophytic insects minimize contact with such potential causes of mortality by occupying plant regions that maintain low levels of endophyte infestation ("low-endophyte space") (150) . Suppression of fungal infestation has also been proposed as a selective advantage for high-tannin levels in oak galls (135) . Fungi may have a benign role in other insect galls (142) .
The Significance of Gall Structure for Cynipid Gall Communities
Cynipidae are probably unmatched in the structural sophistication and diversity of their galls. Although enormously varied in form, position on the tree, and season of growth, each generation of each species has highly characteristic gall traits. Several authors have suggested that this diversity may be best explained by the enemy hypothesis, i.e., that diversity has evolved in response to selection for exclusion of natural enemies (enemy-free space) (95, 96, 129) . There is good reason to believe that gall traits should be sensitive to selection imposed by natural enemies. Natural enemies can inflict high mortality in cynipid galls (12, 88, 114, 115, 130) , and gall tissues mediate all interactions between the cynipids and their natural enemies. In all groups studied to date, gall traits are determined largely by the gall inducer (28, 81, 129) , and gall traits that confer protection against attack by natural enemies should spread through natural selection. Much of the current interest in insect gall research is centered on the role of gall traits in mediating tritrophic interactions between the plant, the gall inducer, and its natural enemies (6, 88, 94, 143) .
Circumstantial support for the enemy hypothesis in oak cynipids is provided by the fact that a number of traits of potential defensive value have evolved repeatedly in independently evolving lineages (129) . Examples include spines, sticky coatings of resin, internal airspaces, and larval chambers that roll freely within a hollow gall (Figure 1b) . However, the fact that many parasitoids and inquilines attack a wide structural diversity of host galls suggests that no gall structure provides an absolute refuge in the present. Although parasitoids may not be wholly excluded, it remains possible that specific gall traits reduce the mortality inflicted by specific community members. We summarize evidence for the impact of a range of gall morphological traits on parasitoid communities. We then comment on factors other than gall morphology that might affect parasitoid communities and discuss the overall effect these factors have in the gall wasp-parasitoid/inquiline system.
Nectar Secretion
Nectar secretion has the clearest demonstrated significance of any oak cynipid gall trait for protection against natural enemies. Oak cynipids in the genera Andricus (2), Disholcaspis (40, 120, 140) , and Dryocosmus (129) induce galls that secrete nectar and recruit ants. Four independent studies have demonstrated that ants significantly reduce parasitoid and inquiline attack on these galls (2, 40, 120, 140) .
Gall Toughness
Tougher galls are thought to be harder to attack than softer galls because of the physical difficulty of drilling into tougher galls with an ovipositor and because of the risk of predation associated with prolonged oviposition (107) . Two parasitoids of some of the toughest galls, Ormyrus nitidulus and Torymus auratus (= nitens), have particularly high concentrations of manganese in the valvae of the ovipositor (99) . This is associated with increased toughness of chitin and may be an adaptive response to gall hardness. Tough outer gall structures may also be important in excluding lepidopteran larvae (4).
Gall Wall Thickness
Studies of intraspecific variation in gall structure in a range of systems show that parasitoids are restricted to attacking larvae within reach of their ovipositor and that larvae in thicker-walled galls on average suffer a lower rate of parasitoid attack (6, 26, 54) . In oak cynipid galls, parasitoid species such as Torymus flavipes (= auratus) have different ovipositor lengths in their two annual generations, which correlate with the gall wall thickness of their respective host galls (9) . That parasitoid species can act as a selection agent for gall size has been demonstrated particularly well for the gall-inducing Tephritid fly Eurosta solidaginis. Here gall size is a reliable indicator of host quality, and parasitoid species select gall sizes according to the host size they require for successful development (6) . This effect of wall thickness may explain why cynipid larvae do not start to grow until the gall wall is fully developed (see above): If parasitoids halt host growth on oviposition, such a strategy would exclude larger short-ovipositored parasitoid species through resource limitation (144) .
The Number of Larval Chambers per Gall
There is growing evidence that multilocularity (many larval chambers in a single gall) (Figure 1b ) may represent a strategy associated with protecting larvae from parasitoid attack through induction of a larger gall (6, 56, 129) . Though larvae in peripheral chambers remain vulnerable, those deeper within the structure are protected by a thicker shield of gall tissue and other larval chambers (54) . A similar effect has been observed for inquilines that develop as multiple larvae within a host gall. The inquiline larvae induce increased thickness of host gall tissues, and the more larvae there are, the thicker the gall wall (8, 20, 60, 122, 144) .
Additional Morphological Traits
Further morphological characters that might affect parasitoid attack have been suggested, although their effectiveness has not yet been tested (Figure 1b) . (a) Coatings of sticky resins have evolved repeatedly in oak cynipid galls (129) . These may prolong parasitoid oviposition and therefore increase their risk of predation to the gall inducer's benefit (107) . (b) Many galls change color during development, normally from green to red. The extent to which the cynipid larva controls pigment synthesis remains unknown, but there is evidence that parasitoid females recognize color and use it in assessment of host quality (7, 30) . (c) Coatings of hairs and spines of a range of lengths and densities have also evolved repeatedly in oak cynipid galls. Dense coatings of fine hairs or spines might influence parasitoid attack, whereas more open arrays of stout spines are probably more effective deterrents for vertebrate predators. (d) Many oak galls contain airspaces between the larval chamber and outer gall tissues, another trait that has evolved repeatedly (129) . An airspace means that the ovipositor of an attacking parasitoid is unsupported for part of its length, which reduces the force that a parasitoid can exert with the tip of its ovipositor without buckling (98) . Having traversed such an airspace, an ovipositor has to penetrate the thin layer of sclerenchyma surrounding the larval chamber-often the toughest tissue in the gall. Only parasitoid species that possess a particularly toughened ovipositor are likely to be able to penetrate the sclerenchyma in such galls.
Impacts of Nonmorphological Traits of Cynipid Galls on Parasitoid Communities
Host plant taxon, gall location on the host plant, and the time required for gall development are all thought to affect parasitoid species richness (88, 89, (112) (113) (114) 124) . For example, the sexual generation galls of Neuroterus quercusbaccarum can develop either on leaves or on catkins, and after a period of growth they fall from the tree to mature on the ground. Parasitoid attack rates and species richness were lower in galls developing on catkins than in galls developing on leaves (88) . However, in this case, the galls in different locations also have different phenologies (galls on catkins are shed earlier), so the effects of gall location and time taken to develop cannot be separated.
Variation in Community Structure within and among Cynipid Species
Although most parasitoids and inquilines associated with oak galls are common to several or many host cynipids, there is variation in the species richness and diversity of communities both within and among host species. What generates such variation?
As discussed above for Neuroterus quercusbaccarum, variation in gall location for a single generation may have significant consequences for the associated communities (88, 89) . Work on Andricus quercuscalicis illustrates two further aspects of community variation found within species.
SPATIAL AND TEMPORAL VARIATION IN THE COMMUNITY ASSOCIATED WITH A SIN-GLE GENERATION
A. quercuscalicis is an invader in Western Europe (described above) and has established populations along a 2000-km invasion route from the Balkans to Britain and Ireland (113, 114, 131) . This demographic history allows examination of the development of the communities of parasitoids recruiting to this novel host in its invaded range and of spatial patterns along the invasion route. The most detailed data have been collected for the "knopper" galls of the asexual generation (112) (113) (114) (115) . In Britain, the asexual generation galls remained virtually free of parasitoid attack from the invader's arrival in the late 1950s until the early 1980s. New species slowly recruited to the community, and levels of parasitism remained low for the next 10 years. Between 1990 and 1995, colonization of the asexual generation galls by inquiline Synergus species provided additional hosts for parasitoids and triggered a sharp increase in the abundance of some parasitoid species (114, 115) .
A. quercuscalicis populations closest to the native range have been established for the longest time, and sampling along the invasion route provides snapshots in the development of the community associated with this host. Initially there was a decline in asexual generation community species richness along the invasion route (113, 115) , with parasitoid communities in the invaded range forming a subset of those recorded from the native range (113) . Over time, within limits imposed by the size of the local pool of parasitoid species, the community richness in native and invaded ranges has converged (Figure 3) . The same general pattern is true for the sexual generation galls (116, 130) . The convergence of the parasitoid faunas in the invaded and native ranges, despite differing environmental conditions and resident cynipid faunas, suggests a strong link between gall attributes and parasitoid community composition, species richness, and abundance.
DIFFERENCES AMONG HOST GENERATIONS
The galls induced by the two generations of A. quercuscalicis differ in several respects. The sexual generation gall is thin walled, 1-2 mm long, and develops very rapidly on the catkins of Quercus cerris. In contrast, the asexual generation gall has a thick woody wall, reaches a diameter of up to 20 mm, and develops over several months on the acorns of Q. robur. These differences have two major consequences for the associated communities: (a) The asexual generation galls develop through a clear sequence of structural stages, and the parasitoids attacking this generation form a successional series associated with increasing host size from small species with short ovipositors to larger species with long ovipositors (113) . In contrast, the rapid development of the sexual generation galls prevents such temporal structuring of parasitoid attack. (b) The asexual generation galls are attacked by several inquiline Synergus species, but the far smaller sexual generation galls never harbor inquilines, perhaps because they develop too rapidly to allow development of secondary inquiline larval chambers.
Despite the major differences in host gall properties, in its native range the two generations of A. quercuscalicis support equally rich communities: 12 species in the sexual generation (all parasitoids) and 13 in the asexual generation (10 parasitoids, 3 inquilines) (113, 130) . A difference is that in the asexual generation only 4 of the 10 parasitoids feed predominantly on the gall wasp larva (the rest attacking inquilines), whereas in the sexual generation all of the parasitoids attack the gall wasp or other parasitoids (113, 130) . Only a single parasitoid is common to the communities of both generations, and this occupies a different role in each. In the sexual generation gall, the parasitoid Cecidostiba adana attacks the gall wasp larva. In the asexual generation this parasitoid attacks only inquilines in the outer wall of the gall, probably because at the time C. adana attacks, the gall wasp larva is beyond the reach of its short ovipositor. A final difference between the two communities is that across the range of A. quercuscalicis the mortality inflicted by parasitoid attack is far higher in the sexual generation (20-45%) than in the asexual generation (5-15%) (45, 46, 113, 130) . Although the reasons for this difference are probably complex, it is tempting to suggest that the thin-walled sexual generation galls are more vulnerable to attack by a rich assemblage of small, short-ovipositored parasitoids than the asexual generation galls. The differences in size and phenology between the galls induced by the two generations of A. quercuscalicis are shared with other Andricus species and the members of other cynipid genera (69, (146) (147) (148) . Although detailed studies have been made of both generations of few species (see also 8, 11), differences across host generations are probably a common feature of oak cynipid communities.
The basis of variation in the communities associated with sympatric gall wasp species remains little understood. A major difficulty in comparative analyses is variation in sampling effort among host species and generations, many of which are rare or cryptic. Existing data for European oak cynipids support the general conclusion that hosts occupying structurally similar galls that develop on the same part of the same host plant at the same time will share community members (8, 11, 118) . The impact of the shared parasitoids may vary substantially across alternative hosts, and a major goal of current work on cynipid communities is the analysis of such impacts using quantified food webs (109) . The significance of interspecific variation in gall structure and location for parasitoid attack remains unknown and awaits detailed study of parasitoid behavior.
TRITROPHIC INTERACTIONS IN OAK CYNIPID GALLS
A long-standing question in studies of the interactions among plants, herbivores, and their natural enemies is how does the system persist, which trophic level drives the population dynamics of the system? Are the main effects imposed from higher trophic levels downwards (top-down) or from lower trophic levels upwards (bottom-up) (50, 51, 66) ? Evaluation of whether top-down or bottom-up effects regulate cynipid population dynamics requires assessment of many parameters (random effects, scale-dependent effects, auto-and cross-correlations), and to our knowledge no data set exists that would meet the requirements for such an analysis. However, beyond the question of population regulation, assessment of whether specific factors influence population fluctuations in a density-dependent manner is possible and requires fewer parameters to be assessed and quantified (50) . An additional consideration in cynipid population dynamics is that a number of species show evidence of population cycling over time scales ranging from 2 to 7 years (27, 43, 70, 118, 122) . Are such cycles real? If so, what maintains them and generates the diversity in their periods? Here we discuss the cynipid-natural enemy and cynipid-host plant interactions in turn.
INTERACTIONS BETWEEN CYNIPIDS AND NATURAL ENEMIES
Natural enemies commonly cause high mortality in gall wasp populations (88, 89, 117, 124, 130, 141) . However, few of the many studies on parasitoid attack in cynipid galls have reported significant top-down effects [or influences sensu Hassell et al. (50) because none of the studies were designed to assess population regulation]. A number of studies specifically designed to establish the magnitude of top-down interactions have also failed to find significant effects (45, 46) .
The only continuous time series of reasonable length available on gall wasp population densities and parasitoid attack is for Dryocosmus kuriphilus, the chestnut gall wasp. This species became a pest of chestnut (Castanea) in Japan following accidental introduction from China. Native parasitoids failed to regulate D. kuriphilus populations, and a parasitoid that is a natural enemy of this host in its native range (Torymus sinensis) was deliberately introduced to Japan (83) . T. sinensis inflicted density-dependent mortality on D. kuriphilus, and within a few years had reduced Japanese population densities of the pest considerably. This example suggests a strong top-down effect in the dynamics of D. kuriphilus (70, 74) . This example may be a special case in that a normally generalist parasitoid, T. sinensis, acted as an effectively monophagous species on a superabundant host. It raises the question of whether the same parasitoid would act in a similarly density-dependent manner when in a community of multiple hosts (53) .
Another case of top-down effects has been reported from North America, where populations of the oak cynipid Xanthoteras politum were apparently driven to extinction by two lethal inquiline species, Periclistus sp. and Synergus sp. (141) . This is a top-down effect in a loose sense only because unlike a parasitoid-host relationship, there is no trophic link between the gall inducer and the inquiline. X. politum is an early colonist and transitional species, inducing galls on regrowth shoots in areas that have recently been burnt. This species displays a metapopulation dynamic in which frequent long-distance dispersal allows it to escape high mortality inflicted by the inquilines in individual patches. Further examples that suggest top-down effects have been reported from other cynipid and noncynipid gall systems (32, 106) . However, two extremely detailed studies have failed to find uniformly top-down or bottom-up effects. One study of survivorship in the asexual generation galls of Cynips divisa in Britain is particularly important because it considered both the interactions between individual gall inducers mediated by the host plant (discussed under competition below) and the consequences of attack by parasitoids and lethal inquilines (43) . Over seven years of sampling, percentage survival of the asexual generation leaf galls of C. divisa ranged between 0 and 50%, but path analysis failed to identify any dominant top-down or bottom-up effects (43) .
A second study (45, 46) examined the population dynamics of an invading gall wasp in Britain, A. quercuscalicis. In particular, the study looked for evidence of spatial-density dependence in parasitoid attack on the galls of the sexual generation with a view to understanding patterns of patch exploitation by the parasitoid species. The sexual generation galls of A. quercuscalicis develop on catkins, a resource patchily distributed within the canopy of the host tree (20a). Parasitoid attack rates of these galls were analyzed in relation to host densities across a hierarchical series of spatial scales, from catkins within twigs (terminal 2 years' growth of a shoot), through twigs within branches, to trees within sites, and found no overall pattern in mortality (45, 46) . Significant density dependence was found in only 20% of cases, and relationships within and among spatial scales ranged from positive-density dependence through density independence to negative-density dependence (45, 46) . Seventy percent of the significant cases of density dependence were negative, a result taken to indicate that local parasitoid populations may be limited in their exploitation of high host densities by egg limitation (46) . In order to assess whether the absence of consistent patterns was due to the recent arrival of A. quercuscalicis in Britain, patterns of mortality in the same generation were also studied in Austria and Hungary, in the species' native range. Although the parasitoid community in the native range was far more species rich, the magnitude and sign of spatial-density dependence was as variable as in Britain (46, 130; G.N. Stone & K. Schönrogge, unpublished data), which suggests that such variation is a general feature of this system. It has been pointed out that density-independent variation in parasitoid attack rate (as characterized for the sexual generation of A. quercuscalicis) is sufficient to let otherwise unstable model populations of hosts and parasitoids persist and that it is not necessary for regulation to occur at all places or at all times to allow persistence (46, 49a, and references therein). In discussing the issue of density dependence, it is also important to appreciate that two forms of density dependence (temporal and spatial) can affect populations and that the relationship between them is not simple. In particular, environmental stochasticity or variability in resource supply in bottom-up-controlled species can obscure temporal-density dependence, whereas within-generation spatial-density dependence remains detectable (49a). In galling systems in general (and cynipid galls and their parasitoids in particular), plant-galler interactions might well introduce additional heterogeneity that is unaccounted for in studies only of the distributions and attack rates of the species involved and which could obscure both temporaland spatial-density-dependent relationships.
The arrival of four host-alternating Andricus species (A. ambiguus, A. kollari, A. lignicola, and A. quercuscalicis) in Britain represents a convenient, large-scale natural experiment in which the impact of a group of new hosts on each other and on the native cynipid community can be assessed (109) . The four species have spread through Britain to different degrees, creating zones containing 4, 3, 2, or 1 invaders in a south-to-north gradient. Both generations of all four invaders and native cynipids were sampled over several years. Both generations of all four invaders were attacked by native parasitoids and (in the asexual generation galls only) inquilines, many of which were shared among the communities of invading and native cynipid species. If shared parasitoid species act in a density-dependent manner, one would expect them to mediate indirect interactions among the hosts (apparent competition) (53, 109) . Quantified webs were used to summarize indirect interactions between gall wasp species through all shared parasitoids (75, 108, 109) , but no strong interactions were identified. However, the invaders had significant effects on local parasitoid populations (109, 117) . Several parasitoid species showed significant host shifts from native to invading cynipids. One consequence of such a shift was that where the size of the invading host allowed only male offspring of a given parasitoid species to develop, the sex ratio of its local population became male biased (118) .
One of the invaders, A. kollari, provides an example of bottom-up impacts on parasitoid and inquiline populations associated with life cycle variation. In Scotland A. kollari has a two-year life cycle, with two cohorts running a year out of phase with each other. The population densities of each generation also vary over a two-year life cycle, with one cohort far more abundant than the other. This has a dramatic impact on the dynamics of parasitoids and inquilines attacking A. kollari. Parasitoids and inquiline populations appear limited by resource availability (A. kollari) in the low-abundance years. A potential solution for parasitoids and inquilines is the adoption of a similar two-year life cycle, but there is no evidence for this to date. This example illustrates the value to the gall inducer of disrupting the coupling of host-natural enemy dynamics and may explain in part why a high proportion of the asexual generation larvae of a wide range of cynipids show diapause for periods ranging from 1 to 8 years (29, 45, 76, 112) .
In summary, clear evidence for top-down and bottom-up effects between cynipid gall wasps and their parasitoids and inquilines have only been found in somewhat extreme and/or artificial situations (biocontrol using an introduced parasitoid species and populations where the host shows an extreme type of phenology for that species). The majority of studies, whether explicit single-host studies (43) or whole-community studies summarizing interactions between hosts over all natural enemies (109) , have been inconclusive.
INTERACTIONS BETWEEN CYNIPIDS AND HOST PLANTS
Gall inducers generally require specific host tissues at specific developmental stages, and there is abundant evidence that cynipid oviposition and subsequent gall development can be sensitive to host attributes including genotype, age, size, phenology, and nutritional status (12, 33, 34, 87, 125) . Timing and site of oviposition are crucial to successful gall development in many other gall inducers (143, 149) . However, because little is known about the mechanism of cynipid gall induction (47) , it is currently difficult or impossible to quantify variation in potentially crucial host plant characteristics. Although studies to date assess secondary effects, i.e., galls induced, and correlate those with plant traits, density-dependent effects involving egg mortality (and so gall induction) may go unnoticed (see also the discussion on resistance below).
Existing studies provide at least suggestive evidence that bottom-up effects are important in cynipid-host plant interactions. In contrast, although there is no doubt that cynipids can harm or even kill their hosts (27, 37, 56, 64) , no studies to date show significant top-down effects of gall wasps on the population dynamics of oaks.
The one available time series data set for an oak-cynipid interaction is for the asexual generation of A. quercuscalicis in Britain. The asexual generation galls develop on the acorn galls of Q. robur, and gall densities, acorn crops, and weather data were recorded for 25 years on 30 individually marked trees (27) . Analysis of the acorn crop time series suggested a two-year cycle between high-(mast) and low-(trough) yield years, thought to be due to resource limitations (27) . Until 1993, the proportion of acorns galled showed a significant negative-density-dependent relationship with the number of acorns per shoot. This indicates satiation of A. quercuscalicis in mast years where galling rates are low and resource limitation in trough years when galling rates were high. This relationship is similar to the bottom-up effect on parasitoid population dynamics imposed by biannual fluctuation in the abundance of A. kollari, as discussed above (117) . However, in 1993 a mast year coincided with high-galling rates, and the significant relationship was lost (27) (data between 1993 and 2000 show the same negative-density dependence, M.J. Crawley personal communication). Crawley & Long (27) suggested that disruption of an otherwise uniform biannual cycle in acorn yields might prevent seed predators in general (and A. quercuscalicis in particular) from evolving a two-year life cycle, therefore escaping resource limitation during trough years. That this is a risk for oak hosts is supported by the high-phenotypic plasticity in cynipid life cycles (112, 117) .
The asexual generation of A. quercuscalicis in Britain, where it is a recent arrival, experiences a low rate of parasitoid-induced mortality in contrast to the higher mortality inflicted by natural enemies in its native range (113) (114) (115) . One might then argue that the bottom-up effect of the oak masting cycle on A. quercuscalicis population dynamics is an artifact resulting from its status as an invader. There has been no comparable study of oak-cynipid interactions in the native range of A. quercuscalicis with which the results in Britain can be compared. An interesting feature of the A. quercuscalicis system is that the high mortality inflicted by parasitoids on the sexual generation galls has had no apparent effect on the dynamics of the asexual generation (27, 45) .
Two other plant traits important for bottom-up effects in an increasing number of galler-host plant interactions are plant vigor and plant resistance. Though the importance of these effects has largely been established in noncynipid systems, they are of obvious importance to oak gall wasps. These phenomena are discussed in turn.
Plant Vigor and Host Resistance
The plant vigor hypothesis is based on the suggestion that vigorously growing plant organs reflect high-resource quality for herbivores, and traits that allow ovipositing females to identify such sites should be favored by selection (25) . Detectable variation in resource quality could lead to competition for good sites, potentially resulting in density-dependent mortalities. The plant vigor hypothesis makes two predictions: (a) ovipositing females should choose vigorously growing plant organs, and (b) immature stages developing on vigorously growing plant organs should perform better (25) .
Of all groups of insect herbivores, these predictions have been tested most extensively on gall inducers, including chloropid flies (137), cecidomyiid midges (36), adelgid bugs (18), tenthredinid sawflies (42, 101) , and most recently in cynipids (37, 87) . With the exception of the chloropid L. lucens, which prefers thin shoots of the reed Phragmites australis to more vigorous but possibly better defended shoots (137) , all other tests of one or both predictions supported the plant vigor hypothesis. It has been noted that gall inducers could generate similar correlations between resource quality and gall inducer growth by enhancing the quality of gall tissue-a proposal termed the resource regulation hypothesis (84, 93) . Although this may apply to larval growth rates, observed preferences of females for high-quality sites are only compatible with the plant vigor hypothesis.
Although there is a general agreement that plant vigor does affect gall densities on plant organs, the most recent studies suggest that plant vigor is only one of a range of plant traits to affect gall densities. Although predictions of the plant vigor hypothesis are upheld, plant vigor indicators such as shoot length explain only small amounts of the variance in gall densities and show significant interactions with factors such as host plant genotype (42, 84) . Work on a range of cynipid systems has shown intrapopulation variation in plant susceptibility to galling (12, 33, 34) , but the basis of such variation is unknown. Although gall inducers have considerable if not total control over the physiology of gall tissues once induction is under way, a small but increasing body of work suggests that plants may mount defensive responses that prevent gall initiation.
Resistance to gall induction is best studied in the Hessian fly, Mayetiola destructor, which induces galls in wheat and related crops. Host and gall inducer in this system have the only known gene-for-gene correspondence between host plant and herbivore virulence known for any insect-plant relationship (136, 152) . Fernandes (39) describes a plant-resistance response to cecidomyiid eggs that involves localized necrosis of surrounding cells and death of the cecidomyiid larva. The symptoms are similar to a plant defense against viral or microbial attack termed the hypersensitive response (HR) (44) , but the molecular basis of the response to cecidomyiids is unknown. Such localized cell death around cecidomyiid eggs has been described in Bauhinia brecipes against the gall midge Contarinia sp. where it caused >95% mortality in the gall inducer (39) . A similar response to cecidomyiids is known on willow, where the response is induced systemically and also involves the local increase in concentrations of phenolic compounds (similar to HR) (O. Ollerstam & S. Larsson personal communication). Possibly related is a response in Norway spruce galled by the adelgid homopteran Adelges abietis. Under drought conditions, susceptible clones of Norway spruce produce an as yet unidentified phenolic compound (18) that reduces success rates of gall induction by stem mothers of the adelgid. Although resistance reactions to cynipids galls are currently unknown, avoidance of plant defenses is probably an important component of cynipid gall induction.
COMPETITION AND FACILITATION IN CYNIPID POPULATIONS
Cynipids are potentially exposed to two types of competition: apparent competition mediated by shared natural enemies (53) and direct competition for limiting resources. As described above, the only study to examine apparent competition in cynipids to date (109) found no evidence for significant effects. Nevertheless, where parasitoid attack is density dependent (see D. kuriphilus and T. sinensis above), apparent competition could still occur.
Limitation in the availability of oviposition sites, or of resources in a particular host organ, has the potential to generate more direct inter-and intraspecific competition in gall inducers (43, 149) . An important distinction needs to be made here between interactions among cynipids in different galls and among cynipids within the same multilocular gall. There is evidence for competition between individual galls, but within individual galls the interaction among the cynipid larvae is more likely to be one of facilitation. We discuss these situations in turn.
Several studies suggest that where many individual cynipid galls exploit resources channeled through the same host organ, there can be intra-and interspecific competition. The most informative study is on the leaf galls of the asexual generation of C. divisa (43) . The galls develop along the lateral veins on the underside of oak leaves in summer and autumn, and this study examined the impact on three traits (gall size, female fecundity, and survivorship) of gall density on individual leaves and of gall order along an individual vein. Survivorship decreased significantly with increasing gall density, and survivorship, fecundity, and gall size decreased with distance of a gall from the leaf midrib on multiply galled veins. These patterns are consistent with intraspecific competition for limiting resources. An additional tritrophic effect in this system was that smaller galls were more likely to suffer parasitoid and inquiline attack (43) .
Many cynipids in all the gall-inducing tribes induce multilocular galls (containing many larval chambers), and the abundance of this trait in many other gallinducing insects suggests that individuals developing in the same structure need not compete (6) . Oak cynipid galls containing a larger number of larvae are themselves larger and heavier, which suggests that the effect on plant investment in gall tissue of multiple larvae is additive (6, 55, 82) rather than competitive. There may, however, be potential for competition between the offspring of different mothers (foundresses) developing within the same multilocular gall. It has usually been assumed that the larvae within a single multilocular gall are the offspring of a single female, but population genetic evidence suggests that this is not always the case (13, 13a) . A proportion of the multilocular galls of B. pallida and four Andricus species (A. coriarius, A. lucidus, A. pantelli, and A. seckendorffi) contain the offspring of more than one female (multiple founding). In all cases, the distribution of offspring attributable to different mothers was highly skewed, with one female inferred to be the mother of most of the emergents from a single gall. This pattern suggests two alternative explanatory scenarios. First, females may lay eggs in the same bud in equal numbers, but the eggs of one female come to dominate gall induction, and their development smothers those of subsequent foundresses (as for lethal inquilines). This might well happen if one batch of eggs was laid long enough before the second to initiate gall induction. An alternative noncompetitive hypothesis is that the females contributing smaller numbers of emergents actually laid smaller numbers of eggs. Distinction between these two requires an ability to assess how many eggs are laid in the same oviposition site by each foundress.
A second issue arising from the demonstration of multiple founding is what causes more than one female to use the same site. All species surveyed only gall a small proportion of host buds (13) . Are eggs only laid in this small proportion, or are eggs laid in a much larger distribution of buds but fail to induce galls? There is good evidence that oak cynipids have specific oviposition preferences (12, 33) . If cynipid requirements for oviposition sites do depend crucially on the state of individual targets, and host organs vary in suitability in an individual host, then (as for the plant vigor hypothesis) female traits allowing recognition of high-quality sites should have been favored by selection. In this case, multiple founding could result from competition for limited suitable oviposition sites. If this is true, experimental manipulation of the relative density of suitable sites and ovipositing females should result in predictable changes in levels of multiple founding. Again, lack of knowledge of the precise requirements of cynipids makes the design of such experiments extremely difficult.
CONCLUSIONS AND FUTURE DIRECTIONS
Major aspects of the biology of oak cynipids remain dominated by unanswered questions. The cynipid life cycle remains an enigma, and the generality of demonstrated life cycle structures cannot be assumed. We do not know the mechanisms underlying gall induction nor the specificity of cynipid requirements for host tissues. This lack of knowledge makes quantitative analysis of the cynipid-host plant interaction difficult. We also have little idea of the extent to which shared parasitoids mediate interactions between gall inducers or exert selection on gall traits.
Novel approaches are, however, allowing advances in many other areas. Indirect genetic techniques offer the potential for rapid resolution of cynipid life cycles, and early signs are that obligately parthenogenetic species are rare. The same tools have revealed mechanisms of inheritance in cynipid life cycles and hitherto unexpected contributions of multiple foundresses within individual galls. Analysis of differential patterns of gene and protein expression show similarities between cynipid galls and plant seeds, suggesting signaling and developmental pathways for further research. Quantified webs allow assessment of the interactions within and among communities, and the generation of time series data sets allows detailed analysis of temporal dynamics. Much can be learned by application of these same techniques in a wider diversity of oak cynipid systems.
The two key questions in cynipid community biology remain: (a) How are galls induced, and (b) why are they so diverse? Painstaking dissection of the molecular messages exchanged between gall wasp and host is necessary to provide the answer to the first question. The issue of diversity can perhaps be more easily addressed. Generation of quantitative webs for a range of oak cynipids in the same community can be used to assess the mortality imposed on each by a common pool of natural enemies. Combined with a phylogeny for the cynipid species in question, such data would allow analysis of the correlations between gall traits and mortality inflicted and testing of whether parasitoids are currently exerting selection on gall traits. We may know the "why" before we know the "how." thank Dr. Gyuri Csóka for use of his photographs in Figure 1 . We thank Rich Bailey, Gordon Brown, James Cook, Mick Crawley, Lisa Harper, Jack Schultz, Conrad Lichtenstein, Gil McVean, George Bableves Melika, Jose-Luis Nieves-Aldrey, Olivier Plantard, Antonis Rokas, Fredrik Ronquist, and Csaba Thuróczy for their many thoughts and discussions on the subjects covered in this review. Most of all, we thank all those who have supported us in the field, particularly Gyuri,Ániko, Agi, Bence "the bandit" Csóka, and the Hungarian heros of forestry. This work was supported by a NERC grant (GR12847) to G.N. Stone 
